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ABSTRACT
In spite of an expected decline in convective activity following the 2007 equinox of Uranus, eight
sizable storms were detected on the planet with the near-infrared camera NIRC2, coupled to the
adaptive optics system, on the 10-m W. M. Keck telescope on UT 5 and 6 August 2014. All storms
were on Uranus’s northern hemisphere, including the brightest storm ever seen in this planet at
2.2 µm, reflecting 30% as much light as the rest of the planet at this wavelength. The storm was
at a planetocentric latitude of ∼15◦N and reached altitudes of ∼330 mbar, well above the regular
uppermost cloud layer (methane-ice) in the atmosphere. A cloud feature at a latitude of 32◦N, that
was deeper in the atmosphere (near ∼2 bar), was later seen by amateur astronomers. We also present
images returned from our HST ToO program, that shows both of these cloud features. We further
report the first detection of a long-awaited haze over the north polar region.
Subject headings: Uranus – Uranus, atmosphere
1. INTRODUCTION
Seasonal forcing has explained hemispherical asymme-
tries on Earth (Zachos et al. 2001), Mars (Nakamura
& Tajika 2002), Jupiter (Orton et al. 1994), Saturn
(Greathouse et al. 2005; Moses & Greathouse 2005; Or-
ton & Yanamandra-Fisher 2005), and Neptune (Hammel
et al. 2007). Uranus, with its pole almost in the eclip-
tic plane, provides a planetary obliquity extremum. Be-
cause it also lacks a measurable internal heat source, its
weather depends more on solar energy than that of the
other giant planets. Hence, if seasonal forcing is impor-
tant, it should be most apparent on Uranus. We report
here extreme dynamic activity on Uranus that does not
fit any existing seasonal model of this planet.
During the Voyager encounter with Uranus in 1986,
only a handful of dim clouds were seen in its atmo-
sphere. The typical contrast of these clouds (i.e., en-
hancement in albedo relative to the background) varied
from < 1% in the violet to ∼ 7% in the red (Karkoschka
1998). All those features were in its southern hemi-
sphere, the hemisphere facing the Sun (and Earth) at
that time. When Uranus’s northern hemisphere came
into view, HST images revealed an abundance of small
cloud features at latitudes that had been in shadow for
∼40 years. The contrast of these features was highest
at 1.6-1.8 µm, where it reached values over 2 orders of
magnitude higher than the ∼ 1% seen by Voyager at vis-
ible wavelengths. The observed contrast is a function
of atmospheric opacity and cloud reflectivity. At UV
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and visible wavelengths, gaseous opacity is dominated
by Rayleigh scattering, while methane absorption dom-
inates in the near-infrared. At 2.2 µm absorption by
CH4 and H2 is so large that only the highest levels in
Uranus’s atmosphere are visible, as sunlight is absorbed
deeper in the atmosphere. At 1.6-1.8 µm the opacity
is small enough that pressure levels in the atmosphere
down to several bar8 are probed, the altitudes at which
clouds typically form.
When Uranus approached equinox in 2007 (i.e., when
the Sun was shining directly on the equator), cloud ac-
tivity at near-infrared wavelengths (1-2.2 µm) increased
compared to earlier images at these same wavelengths.
In particular, in 2004 one cloud feature in the southern
hemisphere at ∼ 34◦S, known as the “Berg,” developed
into a powerful storm9 rising up to pressures of ∼0.6 bar;
at 1.6 µm it was seen as a large morphologically inter-
esting cloud system, while the top of the cloud core that
reached up to these high altitudes was visible as a tiny
(unresolved) feature at 2.2 µm (Hammel et al. 2005). At
1.6 µm it became more elongated in longitude in 2007, at
times displaying several small cloud features at 2.2 µm
(Sromovsky et al. 2009; de Pater et al. 2011). In 2005
this cloud complex started to migrate towards the equa-
tor (Sromovsky et al. 2009), and it disintegrated in 2009
(de Pater et al. 2011).
The northern hemisphere, which has been rotating into
view since the 1990s, contained a greater number of
bright cloud features than seen during previous decades
in the southern hemisphere, with the brightest long-
lived feature at ∼ 30◦N, usually a double spot known as
the “Bright Northern Complex.” This feature brightened
considerably at times, and was usually also visible at 2.2
µm. At the peak of its brightness, the feature’s cloud-
top reached altitudes up to near 300 mbar (Sromovsky
et al. 2007). The brightest discrete features on Uranus
have morphologies – long extended sweeps of clouds and
multiple features traveling together as a group – that are
8 In MKS units, 1 bar = 105 Pascals
9 We use the word “storm” to refer to extremely bright (relative
to the background atmosphere) and often large cloud features.
ar
X
iv
:1
50
1.
01
30
9v
1 
 [a
str
o-
ph
.E
P]
  6
 Ja
n 2
01
5
2 de Pater et al.
suggestive of underlying vortex systems deeper in the at-
mosphere.
We have periodically imaged Uranus at high spa-
tial resolution since its 2007 equinox to track the sea-
sonal evolution of its atmosphere (this is the first post-
equinoctial season observed with modern astronomical
technology). The cloud morphology on Uranus has not
seen many changes, with occasional small cloud features
in addition to the Bright Northern Complex. While the
south pole has been covered in a featureless haze since
our first good views from Voyager 2, when the north pole
came into view it was peppered with small discrete cloud
features (Sromovsky et al. 2012a). This difference may
be a seasonal effect: the south pole has been seen dur-
ing its summer and fall period, while the north pole has
only been seen during springtime. Based on decades-long
records of Uranus brightness (Lockwood & Jerzykiewicz
2006), we expect its north pole to become as hazy as its
south pole (Hammel et al. 2007), and perhaps cover the
small cloud features.
2. OBSERVATIONS AND DATA REDUCTION
Observations of Uranus were obtained on UT 5 and
6 August 2014 with the 10-m W. M. Keck II telescope
on Maunakea (Hawaii), using the near-infrared cam-
era NIRC2, coupled to the adaptive optics (AO) sys-
tem (Wizinowich et al. 2000). NIRC2 is a 1024×1024
Aladdin-3 InSb array, which we used in its highest an-
gular resolution mode, i.e., the NARROW camera at
9.94±0.03 mas per pixel (de Pater et al. 2006), which
translates roughly to 140 km/pixel on these dates. Be-
cause the AO system was operating in a sub-optimal
fashion, we did not achieve the expected (diffraction-
limited) resolution.
Data were taken in the broadband H (1.48-1.78 µm)
and K’ (1.95-2.30 µm) filters, and the narrowband CH4S
(1.53-1.66 µm) filter, over a 4.5-hr period (11 15:30 UT)
on each night. One additional image in each H and J
(1.17-1.33 µm) band was obtained on UT 17 August at
∼15:10 and in H and K’ band on UT 20 August 2014
at ∼13:40. All images were processed using standard
near-infrared data reduction techniques (flat-fielded, sky-
subtracted, with bad pixels replaced by the median of
surrounding pixels). We corrected geometric distortion
using “dewarp” routines provided by Brian Cameron of
the California Institute of Technology10. Photometric
calibrations were performed using the star HD1160 (Elias
et al. 1982). We converted the observed flux densities
to the dimensionless parameter I/F as in Hammel et al.
(1989).
Because Uranus has not exhibited notable atmospheric
events over the past several years, we were surprised
that the northern hemisphere of Uranus was unusually
active on UT 5 and 6 August, and the activity contin-
ued throughout at least UT 20 August (Fig. 1). A total
of about eight sizable cloud features (labeled on the im-
ages) were seen in the northern hemisphere in each of the
broadband H and K’ filters on UT 5 and 6 August. As-
suming the features would follow Sromovsky et al. (2009)
13-term Legendre polynomial fit to Uranus’s wind pro-
file, we were able to identify a few of these features on
10 http://www2.keck.hawaii.edu/inst/nirc2/forReDoc/post_
observing/dewarp/nirc2dewarp.pro
UT 17 and 20 August, as indicated. However, without
continuous time coverage we cannot be absolutely sure
these are the same features.
Table 1 summarizes the latitudes of these eight fea-
tures. Features labeled 2 and 3 are in a latitude range
that makes them possible candidates to be remnants of
the Bright Northern Complex (Sromovsky et al. 2007).
Zonal banding is seen throughout the atmosphere, with
the northern hemisphere being “hazier” than the south.
For the first time, we saw a thin haze layer forming over
the north pole.
In the H band, numerous smaller cloud features were
visible as well. On UT 5 August, some clouds (Feature 2,
as well as some smaller clouds) show what look like nar-
row plumes of cloud particles trailing to the east (down
in the picture) at 1.6 µm. On this date, a small cloud
can be seen in the southern hemisphere as well. For alti-
tude determination, the images captured on UT 5 and 6
August were complemented with images taken through
a narrowband CH4S filter; visually, these images look
very similar to the H band images, but probe somewhat
different atmospheric depths.
3. DISCUSSION
The brightness and morphology of Uranus’s cloud ac-
tivity on UT 6 August is unprecedented in over a decade
of 2.2-µm imaging with Keck. Figure 2 shows Features 1,
2 (UT 5 August) and Br (UT 6 August) as color compos-
ites (K’ = red; CH4S = green; H = blue) after projection
onto a rectangular latitude-longitude grid. Feature 1 is
composed of several compact clouds, visible at both 1.6
and 2.2 µm, extending almost ∼ 15◦ in longitude and
∼ 3◦ in latitude, while Feature Br extends over ∼ 25◦ in
longitude, i.e., almost 10,000 km in extent, and ∼ 7◦ in
latitude. Interestingly, the west side of Br is much red-
der (i.e., relatively brighter at 2.2 microns, and thus at
higher altitudes in the atmosphere) than the east side,
indicative of a difference in cloud altitude. Feature 1 also
shows such a gradient, but here the east side is reddest.
Since the winds blow in opposite directions at these two
latitudes (e.g., Sromovsky et al. 2012a), both features
have in common that the clouds in the down-wind direc-
tion are higher in the atmosphere than in the up-wind
direction, which perhaps may indicate the effect of ver-
tical wind shear on a convective updraft.
Figure 2c shows a color composite of Feature 2. This
image has been processed both to enhance the contrast
and take out artifacts induced by the AO system working
in a sub-optimal fashion. The double-lobed structure in-
duced by the latter is seen particularly well in the trail of
Feature 2 (Fig. 1). We deconvolved the images by using a
double Gaussian PSF with offset of 6 pixels and relative
amplitude of 0.4 for the secondary lobe. Eight consec-
utive H band images were processed this way, as well
as an image close in time in the K’ and CH4S bands.
Following Fry et al. (2012), all images were projected
on a rectangular latitude-longitude grid, and then com-
bined. Feature 2 is moving to the west and faster than
the atmosphere at latitudes just to the south. If it in-
jected cloud material to its south, it would indeed make
the long streak we see trailing to the east. The merid-
ional wind shear at this latitude is about -0.08 degree
of longitude per hour per degree of latitude. Assuming
the streamer is 3◦ S of the storm center, it would ex-
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Figure 1. Images of Uranus at H (1.6 µm) and K’ band (2.2 µm) obtained with the 10-m Keck telescope on UT 5 and 6 August 2014 (top
and middle row); the bottom row shows H band images taken on UT 17 and 20 August 2014. On 5 August the images were both obtained
near UT 12:30. On 6 August they were obtained at UT 15:29 (H) and UT 15:32 (K’). Note the extremely large storm system (labeled
Br) on 6 August. Seven other features that are discussed in the paper are indicated as well. A feature seen in H band on the southern
hemisphere on 5 August is marked with an arrow and the symbol S1. Numerous other features are also visible in the H band images when
suitably enhanced. A longitude-latitude (planetocentric) grid has been superposed on the K’ band images with a grid interval of 30◦.
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Figure 2. Color composite images of Features 1, 2 and Br, projected on a rectangular grid. The K’ band image, sensitive to the highest
altitudes, is shown in red; H band, sensitive to the deepest levels, is shown in blue, and CH4S in green. The images of Feature 1 were taken
on UT 5 August 2014 near 14:30, Feature 2 on UT 5 August 2014 near 11:30, and of Br on UT 6 August 2014 near 14:20. The boxes A-D
for Feature 1, and A-F for Br indicate the areas where cloud altitudes were determined (Table 1). Feature E is the same as Feature 4 in
Fig. 1.
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Figure 3. The ratio (expressed as a percent) of the differential
integrated brightness of the cloud as a function of the emission
angle, µ. The intensity scale for K’ band is given on the left; for
H and CH4S bands on the right (the I/F for the CH4S band was
multiplied by 1.5). Note that the cloud in K’ band reaches 30% of
the total reflected light from the rest of the planet.
tend eastward (relative to the storm) at a rate of 0.24◦
hour−1 or 5.8◦ day−1, and thus take about 10 days to ex-
tend backward by ∼60◦. The morphology of this cloud,
with its long slightly slanted tail (∼1◦ in latitude over
∼60◦ in longitude towards the east) reminds us of the
early morphology of the 2010 storm on Saturn, that de-
veloped into a storm system encompassing the entire cir-
cumference of the planet (Sa´nchez-Lavega et al. 2011,
2012; Garc´ıa-Melendo et al. 2013; Sayanagi et al. 2013).
Features 1 and Br are both relatively compact and ac-
company cloudless areas around them; such morpholo-
gies suggest that these features might be coupled to vor-
tex systems deeper in the atmosphere. The clouds likely
form when gas rising in the atmosphere becomes cold
enough for particular constituents, such as methane gas,
to condense and form clouds, similar to the orographic
clouds associated with dark spots on Neptune, which
have been modeled numerically (Stratman et al. 2001).
As shown, by UT 17 August, the storm’s brightness had
decreased substantially. If indeed these features are oro-
graphic clouds, drastic fluctuations in brightness would
not be surprising.
Rectilinear projections of the images from UT 6, 17
and 20 August show that the morphology of the feature
had changed so much that it was not possible to make
unambiguous measurements of the feature’s drift rate.
Using local bright components of the feature on each date
we found two possible drift rates: 0.183◦±0.001◦ hour−1
or 0.148◦ ± 0.001◦ hour−1 eastward, The former is more
probable as it is very similar to the 0.18◦ hour−1 drift
rate predicted for a latitude of 15◦N based on Sromovsky
et al. (2009) 13-term Legendre polynomial fit to Uranus’s
wind profile.
The differential integrated brightness was obtained by
integrating the brightness (in units of reflectivity, I/F,
above the background level) in each pixel of the cloud.
We then took the ratio of this number to the total reflec-
Figure 4. Models of the vertical 2-way transmission of several
filters (top) and the transmission ratios (bottom) for a zenith angle
of 0.8. In a clear atmosphere, the observed I/F should follow the 2-
way transmission. Such models are used to determine the altitudes
of the various features, using brightness ratios in different filters,
following de Pater et al. (2011) and Sromovsky et al. (2012b).
tivity of a Uranus without the presence of discrete cloud
features. In order to determine the reflectivity of Uranus
without clouds, we constructed an image from all data
combined. By using a combination of median averaging
and removal of excess cloud brightness above the back-
ground we were able to construct an image of Uranus
without clouds. The advantage of using this method,
rather than using images taken on different nights in pre-
vious years that showed no cloud features, is that it keeps
the same viewing geometry and photometric calibration.
Hence these numbers do not suffer from photometric cal-
ibration errors (which typically are of order 10-15%).
In the absence of gas opacity, the brightness of a per-
fectly reflecting cloud of finite dimensions would vary
with µ µ0 (µ and µ0 are cosines of the emission and
incidence angles), due to foreshortening of the projected
area both with respect to the Sun and Earth. Increased
gas opacity near the limb (i.e, methane and hydrogen ab-
sorption, which is strongest in K’ band) would enhance
the effect (the path length, and hence one-way opacity in-
creases with 1/µ). An optically thin cloud, on the other
hand, would brighten near the limb (with 1/µ) due to
an increase in optical depth, τ , of cloud particles along
the line of sight (until τ ∼ 0.15; see Dunn et al. 2010).
We found a near-linear increase in Br’s brightness as a
function of µ (Fig. 3), suggesting that the clouds must
be optically thin.
The most remarkable result is the cloud’s total bright-
ness in K’ band: it represents ∼30% of the total light
reflected by the rest of the planet at this wavelength.
This is ∼2 times larger than what was seen in 2005 for
the “brightest cloud feature ever observed” on Uranus
(Sromovsky et al. 2007). The integrated brightness ratio
in H band is a factor of 10 lower than that in K’ band,
∼3%. This is somewhat less than was observed at H in
2005, which suggests that a much larger fraction of the
2014 cloud resides at very high levels in Uranus’s atmo-
sphere.
By using the ratio of the cloud excess reflectivity in the
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Figure 5. a) HST image taken on UT 14 October 2014 in the 845M filter. b) 3-color composite after projection on a rectangular latitude-
longitude grid. The colors and filters are indicated at the top of the image (FQ889N in red; Q658N in green; FQ937N in blue). As in Fig.
2, in this composite, high altitude features are red and deep features are blue.
K’ vs. H bands, and in the H vs. the CH4S bands, we
can determine an effective pressure (i.e., altitude) of the
various cloud features. To obtain a rough estimate, we
calculate the ratio of the integrated I/F values relative to
the background (Table 1) and compare this with calcu-
lations of ratios for reflecting layers at different pressure
levels, as shown in Figure 4 (de Pater et al. 2011; Sro-
movsky et al. 2012b). The pressures tabulated for the
sub-elements of larger features in Table 1 were derived
with the same model using a linear-regression fit (Sro-
movsky et al. 2012b), where for each point in the boxes
in Figure 2 the I/F values in the K’ band were plotted
against those in the H band, and similarly in the H vs.
CH4S band.
As expected from the numerous clouds detectable in
the K’ band, most features are at relatively high al-
titudes. Feature 2, which was not detected at K’, is
the deepest feature, located at altitudes below the 1-bar
pressure level. All other features are at altitudes above
the methane condensation level at 1.2 bar (Lindal et al.
1987), and hence we suggest that these high clouds are
composed of methane ice.
Interestingly, some parts of the bright feature Br reach
altitudes up to ∼330 mbar, whereas other parts are much
deeper in the atmosphere, near the 700-mbar level. The
fact that such a large cloud is visible at such high alti-
tudes suggests that there must have been strong updrafts
or waves at or (shortly) before the time of observation.
This result, combined with the observation of so many
clouds at high altitudes during these observations, sug-
gests that Uranus was going through a period of extreme
dynamic activity.
In order to learn more about this unusual activity, we
shared our data immediately with the amateur commu-
nity, and issued an alert through the International Outer
Planets Watch. The amateur community responded with
an extensive observation campaign in close coordination
with our team. Throughout the 2014 fall season they
observed Uranus. By early October several amateur as-
tronomers had reported the detection of a bright cloud
feature on the planet’s disk , using telescopes varying in
size from 14-inch up to the 1-m telescope at Pic-du-Midi
and broadband filters spanning ∼650-850 nm range. The
cloud detected by them, however, was not the Feature Br
seen on UT 6 August; it was cloud Feature 2 seen on UT
5, 6 and 20 August (Fig. 1), the only cloud that was much
deeper in the atmosphere, and that displayed a tail rem-
iniscent of the early morphology of the 2010 storm on
Saturn.
These amateur observations were used to trigger
our Target of Opportunity (ToO) program on HST
(GO13712, PI: K. Sayanagi). These observations were
carried out on UT 14 October 2014; images are shown
in Figure 5. An image taken at 845 nm (845M band),
where the contrast of features on Uranus’s disk is large,
is shown in Panel a. Panel b shows a 3-color composite of
a portion of the image after projection on a rectangular
latitude-longitude grid: The highest levels in the atmo-
sphere are probed in the FQ889N filter (red); the deepest
levels in the atmosphere are probed in the FQ937N fil-
ter (blue); the Q658N filter probes intermediate altitudes
(green).
Feature 2, with its extended streamer, is visible just
north of the center of the disk at a latitude of 32◦N. At
this time it looks like a complex feature, visible in all fil-
ters, i.e., it appears to extend from the deep atmosphere
to the highest layers in the atmosphere. Rather than just
Feature 2, however, we see instead the chance appearance
of both Features 1 and 2 at nearly the same longitude;
Feature 1, being higher in the atmosphere (Fig. 1), gives
the complex feature the red color near 35◦N. Feature 2’s
extended streamer is visible only in the blue (FQ937N
filter).
The extended tail on the south side shows a slightly
steeper incline, by ∼1◦ in latitude over ∼40◦ of longitude.
The triplet of features near 17◦N is most likely connected
to feature Br seen on UT 6 August (and perhaps on the
limb on UT 17 and 20 August). It is visible at high levels
in the atmosphere. These HST and amateur images will
be analyzed in detail in a future paper.
Neither our Keck or HST observations revealed a dark
spot. Such spots have been seen in the past (Hammel
et al. 2009; Sromovsky et al. 2012b), and may be a signa-
ture of a vortex system deeper in the atmosphere. The
non-detection in our Keck images is not surprising, as
such detections require an excellent AO correction. We
also did not detect a dark spot in the HST ToO images.
Note, though, that not detecting a dark spot does not
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imply that there is no vortex system.
Circulation models predict the largest hemispheric
asymmetry at equinox, and the most significant convec-
tive events in the late winter (Sussman et al. 2012), i.e.,
they would be visible when the region first comes into
view after a long cold winter, as the cloud features that
were seen in the 1990s with HST, as mentioned in the
introduction (Karkoschka 1998). These models thus pre-
dict that cloud activity most likely would subside after
equinox, the opposite of what we report here. Since 2007,
Uranus’s cloud activity had seemed to decrease slightly,
making these new extremely bright cloud and the many
other features seen in K’ band even more surprising.
3.1. Conclusions
Observations of Uranus, taken with the NIRC2 cam-
era on the 10-m W. M. Keck telescope in August 2014
revealed an unusually dynamic planet. In particular, we
detected the brightest feature ever detected in K’ band,
reflecting 30% as much light as the rest of the planet
at that wavelength. The feature is optically thin, and
its cloud tops extend over pressure levels varying from
∼700 mbar up to 330 mbar. The cloud that was at the
deepest levels in the atmosphere, ∼2 bar, was later seen
by amateur astronomers. Both clouds were imaged with
HST on UT 14 October 2014; the bright feature showed
a considerable evolution in morphology. Our Keck obser-
vations also showed the development of the long-awaited
haze over Uranus’s north polar cap.
These unexpected observations remind us keenly of
how little we understand about dynamics in the atmo-
spheres of the outer planets in our Solar System. Planets
around other stars are now known to be extremely com-
mon (e.g., Petigura et al. 2013). The Kepler mission has
revolutionized our knowledge of such exoplanets, with
the detection of over 4000 planet candidates and nearly
1000 confirmed planets, ∼6% of which are Uranus-sized
(radii between 3.5 and 4.5 Earth radii), and many more
are even smaller (Batalha et al. 2013). Increasingly, the
atmospheres of transiting exoplanets are being character-
ized (Nikolov et al. 2014; Swain et al. 2014; Ranjan et al.
2014) using our own planets as templates. Yet, many as-
pects of our own giant planets remain elusive. It is clear
from this paper that a full understanding of the dynamic
activity in Uranus’s atmosphere requires frequent obser-
vations of this planet at high spatial resolution through-
out the changing seasons. Ideally, observations would be
obtained simultaneously at multiple wavelengths, from
the UV into the radio regime, enabling probing levels in
the atmosphere from the stratosphere down to tens of
bars in the deep troposphere. But even with such data,
some questions may ultimately only be answered with a
Uranus flyby or orbiter.
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and P. F. acknowledge support from NASA Planetary
Astronomy Grant NNX13AH65G. C. B. acknowledges
support from the Alfred P. Sloan Foundation. K. M.
S. is the PI of HST Grant GO13712. K. M. S. acknowl-
edges support from NASA Planetary Atmospheres Grant
NNX14AK07G and NSF AAG Grant 1212216. The au-
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